A two-dimensional morphological model is used to study sediment transport and morphdynamics around a tidal inlet. The model includes the processes of erosion on side slope for the avalanching effects. The model has been tested against a laboratory study of an idealised tidal inlet configuration over 68 tidal cycles. The results show a reasonable agreement between the model and experiment measurements with a typical pattern of accretion at up-drift of the inlet and erosion at the down-drift. This study also reveals the importance of surface waves and cross-shore sediment transport to the evolution and migration of the tidal inlet.
INTRODUCTION
Due to the considerable economic and ecological importance, long term sustainable development of a tidal inlet and the adjacent lagoon has been recognised worldwide in recent years. For example, maintaining the navigation channel and stability of the shoreline position is fundamental to the coastal management scenarios. The water quality within the lagoon is also critical to the dynamic coastal ecosystems. In the face of rising sea level and climate change, the challenge for these complex engineering issues has been significantly amplified. The need for improved engineering models has therefore become crucial for a better understanding of the underlying mechanism and more reliable predictions tools for potential future morphological changes.
Affected by the combined action of waves and tides, the morphodynamics around a tidal inlet is often highly dynamic and complex. To a large extent, its behaviour is determined by the relative contribution of these two forcing factors. In the past, the calculation of long term morphological change in particular often relies on empirical relations, for example, those produced by Bruun et al. (1978) , Hayes (1979 Hayes ( , 1980 and Davis and Barnard (2003) . In recent years, the process-based models have been used successfully in tidal dominant environment for simulation of complex morphological evolution over centuries, e.g. de Vriend et al. (1993) , Bertin et al. (2009) and van der Wegen et al. (2010) . Dissanayake et al. (2009) highlighted the influence of wave action on the channel equilibrium which is particularly important to the long-term inlet migration and ebb delta evolution. However, the accurate modelling of wave propagation over complex bathymetry and its interaction with tidal currents still remain a challenge. Furthermore, the stochastic nature of storm events makes it difficult to directly apply the morphological acceleration factor approach for a long-term forecasting under such complex conditions. Differences therefore have been found in many studies between modelled and observed ebb-tidal deltas. For example, van der Vegt et al. (2006) found that the modelled channels are deeper than observed ones and bending of the modelled ebb-tidal delta around the ebb channel can be under-estimated.
The present study focuses on the calibration of a two-dimensional, depth-averaged morphological model , which is setup to represent a large-scale laboratory experiment for a direct comparison without using a morphological factor. The model results highlight the importance of wave-current interaction, the intra-tidal transport variations and cross-shore transport on the morphology. The model also includes a novel approach to deal with the effects of side erosion to allow the effective evolution and migration of the inlet.
NUMERICAL METHOD
The modelling system used in this study includes a wave propagation module, a depth-averaged current module, a sediment transport module and a morphological evolution module (Li et al. 2007) . The wave module is based on energy and kinematic conservation equations for wave height and direction. It uses a set of intra-wave period equations (Yoo et al 1989) with modification proposed by Watanabe and Maruyama (1986) . By solving the continuity and momentum equations, the instantaneous water surface and fluid volume fluxes can be found at each grid node. Wave height and propagation directions can be determined through integration over time at each node. Wave refraction, diffraction and reflection have been included in the solution without any special treatment. Wave breaking is dealt with through energy dissipation approach as suggested by Watanabe and Maruyama 1 (1986) for regular waves and Anastasiou and Bokaris (2000) for irregular waves. More details of the model can be found in Li et al. (2007) , Fernando and Pan (2005) and O'Connor and Nicholson (1997) .
Based on the computed wave characteristics, radiation stress terms can then be found and input into the depth-integrated flow module, which solves the depth-and-wave averaged continuity and momentum equations at each grid nodes, for calculating wave driven current:
where U and V are depth-and-wave integrated flow velocities in x and y direction respectively, Sxx,, Sxy and Syy are radiation stress tensor from wave action, g is acceleration due to gravity, ρ is fluid density, d is water depth, C v is friction factor, η is water surface elevation and ν is turbulent viscosity.
The friction factor for combined wave-current flow is computed based on Yoo et al (1989) , and the mixing coefficient is determined by a two equation k-e closure as O'Connor et al (2000) .
The sediment transport module computes the combined suspended load and bed load sediment fluxes. The suspended sediment transport rate is computed based on empirical expression for the potential load under combined waves and current (O'Connor and Nicholson 1997). The bed load transport rate is determined by the Einstein approach, as modified by O'Connor and Nicholson (1997) . Then the bed level change can be computed by the sediment fluxes divergence equation, using a modified Lax-Wendroff scheme. The sediment flux divergence equation includes a gravitational term to allow for transport on slopes and takes the form as
where ρs is the sediment density, n is bed porosity, ZB is bed level, Qx, Qy are the transport rate in x and y directions, α and β are the slope parameters. To deal with the erosion of side slopes due to avalanching, the Chesher (1995) approach is employed:
where Qxl, Qyl are the lateral flux in x and y direction respectively, C and A are model parameters, s is current speed, B is efficient factor, Uorb is wave orbital speed and Ucr is the critical velocity for sediment motion. More details of the above formulation can be found in Chesher (1995). Model results have suggested that the above formulations are particularly important to determine the position of up or down drift of the inlet breach correctly.
An explicit finite difference scheme is used to solve the equations on a regular C-type of grid. The x coordinate is defined for the long-shore direction and y coordinate for the cross-shore direction. The computed currents are then fed back to the wave module to determine the modified wave field due to currents, so the full interaction between hydrodynamics and morphodynamics is included.
MODEL SETUP
The model was applied to the laboratory experiments carried out by Delft Hydraulics (1982) with a model of Keta Lagoon. In the laboratory experiments, the maximum offshore depth was 0.29m, the lagoon depth was 0.01m, both at mean water level, and the computational domain was represented by 100 and 74 cells in the longshore and cross-shore directions respectively, see Fig 1. The time step for the hydrodynamic calculations was set at 0.05s and that for the sediment transport and morphodymic calculations was set at 5.0s. The tidal period was 2.5hr and the tidal range was 0.025m. Random waves with a significant height of 7cm and a peak period of 1.5s at 15 o to the normal direction were used in the simulation. The sediment particle had a spatially uniform size of 0.21mm.The same conditions were used in the model simulations.
The model was calibrated against available laboratory data, including littoral sediment transport rate, mean inlet velocity and inlet sediment transport rate during both the ebb and flood tidal phases (Delft Hydraulics 1982) . The model was then run for a total of 68 tidal cycles, each cycle consisting of a 1hr flood phase, a 1hr ebb phase and two 1/4hr transitional phases (see Fig 2) , the same as used in the laboratory experiments. 
MODEL RESULTS
The computed variations of flow velocity and wave amplitude over a typical tidal period are presented in Fig 3. At the ebb, the strong jet of flow from lagoon towards the offshore area is clearly visible at the lagoon breach (inlet). Once reaches the outside the lagoon, the flow interacts with the longshore current and creates a large eddy at the downstream of the lagoon entrance. The increase in wave height at offshore side of the eddy is also noticeable, whereas waves can only penetrate into the seawards part of the inlet due the blockage caused by the flow in the inlet, and there are no waves inside the lagoon. At the flood, the tidal flow squeezes through the inlet and flushes inside the lagoon area. The longshore current at the offshore side of the lagoon is affected within a smaller area in comparison with that during the flood. The wave is able to penetrate to some distance in the inlet, leading to a slight increase in wave height there. At the offshore of the lagoon, the wave height slightly decreases at these circulations. During the course of simulation, with the changing in bathymetry, such flow patterns largely remains, but with a gradual downstream drifting of the inlet entrance. It is clear that the overall pattern at the different stages are similar, i.e. at ebb, sediment transport is dominated by the longshore drift outside the lagoon with a clear erosion on the up drift of the inlet and the deepening of the channel; at flood, the longshore drift is interrupted by a cross-shore transport towards the lagoon entrance together with a reduced transport rate at the immediate up-drift of the breach. Through the time (68 tides), the offshore delta grows gradually in both ebb and flood phases. Similarly, the erosion at the down-drift of the breach is also clearly noticeable. The avalanching causes two effects, firstly it gradually widens up the breach entrance, which allows stronger exchange of flow and sediment across the lagoon gap. Secondly, the side slope erosion also reduces the width of the lagoon bank immediately upstream of the breach. The deposition near the up-drift of the breach entrance results in a downdrifting of the inlet as observed in many laboratory and field conditions. Inside the lagoon, however, changes are fairly small due to the reduced flow velocity with virtually no waves.
Fig 5 compares the computed and measured bed level changes after 68 tides. As expected, the major changes can be found around the inlet entrance where the flood flows erode the downstream the bank and the ebb flow deepens the channel in the middle. The deposition around the upstream of the breach entrance is largely due to the reduced longshore transport at the flood at this site (see Fig 4  b&d ). The measured distribution of the evolution is fairly similar to the computed results in terms of both positions of erosion and deposition and their magnitudes. The differences largely lie in the deposition around the up-drift of the breach entrance, where the measured value is much larger than that from the model. In addition, the reduction in the bank width in the down-drift area of the entrance is also noticeable in the measurements, but not seen in the model predictions. This is partly due to the lack of cross-shore transport in the model, similar to most 2D depth averaged models in the literature. Fig 6 shows the comparison of the computed and measured bed level after 68 tidal cycles along the longshore direction (x) across the inlet, as shown in Fig 5(a) . The solid line denotes the computed results and the symbols represent the measured values in the laboratory experiments. It can be seen that the predicted changes follows the measured data very well at the upstream of the gap where the deposition occurs. At the downstream of the gap, the erosion depth is under-predicted by the model and the gap width is narrower than that measured in the experiment. This is linked with fact that the downdrift seaward bank is not eroded in the model as much as measured in the laboratory experiments as shown in Fig 5: the measured data suggested a much stronger sidewall erosion of the downstream bank and hence led to a widening of the inlet as a result of reduced sediment supply at this site. Such a process is less well represented in this model study. However, the overall agreement can be regarded as acceptable as the main features in morphological changes are reasonably represented. The discrepancies may be also due to the uncertainties in the model parameters used for such a complex case, which are difficult to quantify. 
CONCLUSIONS
The computed morphological changes clearly follow the measured data well. The results also reveal that the evolutions over the period of 68 tides are not uniformly: rapid and large accretion near the 'up-drift' of the inlet is apparent at the beginning of the simulation, and accelerative erosion near the 'down-drift' can be observed at late stages. This is largely due to the fact that at the flood phases, the sediment is transported into the lagoon, narrowing down the inlet width, while at the ebb phases, strong ebb flow erodes the bank and migrate the breach 'down-drift'. This effect becomes more significant at the later stages while the inlet becomes narrower and erosion accelerates as a result. However, it should be noted that the computer model used lacks capability of simulating the crossshore sediment transport induced by waves, which has been observed in the laboratory experiments as the significant part of the berm being eroded over the test period. A full 3D model is currently used to investigate these effects.
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